Next-to-leading order QCD corrections to tty production at the 7 TeV LHC 
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We present the theoretical predictions including the complete next-to-leading order (NLO) QCD corrections 
to the top-quark pair production in association with a photon at the LHC with center-of-mass system energy of 
7 TeV. The uncertainties of the leading order (LO) and NLO QCD corrected cross sections due to the renor- 
malization/factorization scale, and the distributions of the transverse momenta of final top-quark and photon are 
studied. Moreover, we provide the numerical results of the LO, NLO QCD corrected cross sections and the 
corresponding A'-factors with different photon transverse momentum cuts. We also discuss the impact of QCD 
corrections to the pp tty + X in case of there existing the exotic top-quark with an electric charge of -4e/3 
at the 7 TeV LHC. 
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Since the discovery of top-quark at the Fermilab in 
1995|lll|2l, it has opened up a new research field of top 
physics, not only because top-quark breaks the elec- 
troweak symmetry maximally as the heaviest elemen- 
tary fermion discovered up to now, but also due to the 
lack of precise measurement of its properties. In partic- 
ular, the couplings of the top-quark to the electroweak 
gauge bosons have not yet been precisely measured, 
which may turn out to be our first clue of new physics 
connected with the electroweak symmetry breaking 
(EWSB). Moreover, many properties of the particle are 
still poorly known, for example, the electric charge of 
top-quark, a fundamental quantity characterizing the 
electromagnetic interaction between the top-quark and 
photon, has not yet been experimentally determined. If 
we assume that the electric charge of the top-quark is 
q, - -4e/3, instead of the normal value q, - 2ejl>, 
a consistent description of the top physics could still 
be obtained|3, 4]. As suggested by Ref.[5J, studying 
the production of a top-quark pair in association with 
a hard photon is a more effective way to determine the 
top-quark charge. 

Topics of higher order corrections to the top-quark 
pair production in various configurations at hadron col- 
liders are the focus all the time. As early as late 1980's, 
the works studying the NLO QCD corrections to ff pro- 
duction fi*] have been presented. Recently there has 
been significantprogress in higher order connections 
to ff productionyTHSl]. NLO QCD corrections are also 
known for the associated production processes involv- 
ing top-pair production, including ff//|10], ff / 111 ill . ffZ 



01211 and tiy lUllM]. Since March 2010 the LHC has 
begun to run for the first attempt at 7 TeV. It will con- 
tinue to operate in 7 TeV pp collision mode for some 
years. Now all the detectors are recording data, and 



both the ATLAS and CMS groups are launching the 
physics program at the colliding energy of 7 TeV. 

Recently, Prof. Ivor Fleck in ATLAS experimental 
group suggested us to extend our NLO QCD calcu- 
lations for the pp — > ttj + X process to the 7 TeV 
LHC, and study the impact of the top-quark electric 
charge of q, - -4e/3. He thought that will be helpful 
for their experimental data analyses lTsll . In this report 
we calculate the NLO QCD corrections to the process 
pp ^ tty + X at the 7 TeV LHC with different photon 
transverse momentum cuts, and studied their uncertain- 
ties induced by the factorization/renormalization scale, 
and the effects to the observables for pp — > tty + X 
process in case of there existing the exotic top-quark 
with an electric charge of q, - -4e/3. In the paper 
of Ref. il 311 we presented the detail calculations of the 
NLO QCD corrections to the associated production of 
tty at hadron colliders, and presented the results only 
for the Tevatron Run II and the 14 TeV LHC, but not 
for the 7 TeV LHC. 

At the leading order (LO), hadronic ffy production 
proceeds via q - q {q - u,d,c,s) annihilation and 
gluon-gluon fusion. The NLO QCD corrections to the 
pp — > tty + X process contain real and virtual correc- 
tions. The Feynman diagrams have been generated by 
FevnArts3 .4 11 1611 automatically, and the Feynman am- 
plitudes are subsequently reduced by FormCalc5.4fl7| 
programs. The calculations are carried out by adopt- 
ing the dimensional regularization method to regular- 
ize the UV and IR divergences and implying the mod- 
ified minimal subtraction (MS) scheme to renormalize 
the strong coupling constant and the relevant masses 
and fields except for the top-quark and gluon, whose 
masses and wave functions are renormalized by apply- 
ing the on-shell scheme. After renormaUzation proce- 
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dure, the virtual correction is UV- finite. The IR diver- 
gences from the one-loop diagrams will be cancelled 
by adding the soft real gluon/light-quark emission cor- 
rections by using the two cutoff phase space slicing 
method (TCPSS)|fl8l]. The remaining collinear diver- 
gences can be absorbed into the parton distribution 
functions(PDFs). 

We take one-loop and two-loop running a,, in the 
LO and NLO calculations, respectively! 19J, with the 
number of active flavors Nf = 5, the QCD parame- 
ters = 165 MeV and Af^ = 226 MeV in the 
LO and NLO calculations, respectively. The factor- 
ization scale and the renormalization scale are set to 
be equal for simplification (i.e., n - jif - fir) and 
fx = HQ = m, hy default unless otherwise stated. In 
the numerical calculations, we take m, = 17 L2 GeV 
and a{mzT^ = 127.918119). It has been verified 
that the total cross section including the NLO QCD 
corrections is independent of the cutoffs 5, and 6c in 
adopting the TCPSS method, which has been shown in 
Figs.7(a,b) of Ref . j 1 311 . In the following calculations, 
we fix the soft cutoff as Ss - 10""* and collinear cut- 
off" as Sc - SslSO. The calculations are carried out at 
the LHC with pp colliding energy ^fs - 1 TeV. A 
photon transverse momentum cut, is introduced, 

and the radiated photon is required to be relatively hard 
enough to fulfill the condition of p^p > p^j\uf ^^^^ 



emission processes, we use the photon isolation cut to 
separate photon from the emitted jet|20]. The events 
are rejected unless they fulfills the condition of 

Zl - cos 6 
ET,e{5 - Riy) < Et^ (for all 5 < 5o),(l) 

1 - cos 6o 
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FIG. 1: (a) The dependence of the LO and NLO cross sec- 
tions on the factorization/renormalization scale at the 7 TeV 
LHC. (b) The corresponding NLO QCD K-f actor [K = 
CnloIclo] versus the energy scale. 



where Ejj is the transverse energy of parton /, Ej^ is the 
transverse energy of the photon, (Jo is a fixed separation 
parameter that we set to be 0.4 in this work, and Riy is 
the angular distance between parton / and the photon 
defined as 



Ri 



= ^l{r|i - ilyY + (ipi - ipy)^, (2) 



where rj and <p are the pseudorapidity and azimuthal 
angle respectively. 

The LO and NLO cross sections for tty production 
at the LHC as the functions of the renormalization and 
factorization scale are plotted in Figllla). The cor- 
responding K-factor [K = o-nloIctlo] is plotted in 
FigHIb). In FigUla) and FigHIb), we take pf > 
10 GeV, q, - 2e/3, and the colliding energy in the 
proton-proton center-of-mass system as = 7 TeV. 
As shown in the figures the curve for the NLO cross 
section is much less sensitive to fi than the one for the 



LO cross section, which indicates that the NLO QCD 
correction has obviously reduced the uncertainty of the 
cross section on the introduced parameter jj in the plot- 
ted range of p/fiQ. 

The LO and NLO distributions of the transverse 
momenta for the normal top-quark (with electric 
charge 2e/3) and exotic top-quark (with electric charge 
-4e/3) at the LHC, are depicted in Fig|2ja) and 
Fig|2|b), respectively. The LO and NLO distributions 
of the transverse momenta for the photon with differ- 
ent top-quark electric charge (2e/3 or -4e/3) are de- 
picted in FiglSja) and FigOb), respectively. Figs|2]and 
|3] demonstrate that the NLO QCD corrections enhance 
significantly the distributions of pj^ and pj^ for both 
the normal top-quark and the exotic top-quark. From 
the distributions of in both Fig|3la) and FiglSjb), 
we conclude that most of the photons in the events of 
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FIG. 2: (a) The LO and NLO distributions of the transverse 
momentum of the normal top-quark with q, = 2e/3. (b) the 
LO and NLO distributions of the transverse momentum of 
the exotic top-quark with q, = -4e/3, jx = m,, p^^ > 10 GeV 
and s/s = 7 TeV. 



pp ^ tty + X are produced in low transverse momen- 
tum range at the LHC. 

Now we study the impacts of the photon transverse 
momentum cut /'/^„, and the exiotic top-quark elec- 
tric charge q, on the cross section and K-factor We 
calculate the LO and NLO cross sections and the cor- 
responding K-factor [K = ctnloIo'lo} with ^ - nit, 
Vs = 7 TeV, pf > 10 GeV (or 15 GeV) and q, = 2e/3 
(or -4e/3). The numerical results are presented in Ta- 
ble U Our numerical results turn out that the K-factor 
varies only slightly with the variation of either the pho- 
ton transverse momentum cut or the top-quark elec- 
tric charge (about 3% for the latter), although the LO 
and NLO cross sections strongly depend on the photon 
transverse momentum cut and the top-quark electric 
charge. We know that if the photon is merely radiated 



FIG. 3: The LO and NLO distributions of the transverse mo- 
mentum of the photon at LHC with /j = m,, p^j'' > 10 GeV 
and ^fs = 1 TeV. (a) top-quark with electric charge q, = 
2e/3. (b) top-quark with electric charge q, = -4e/3. 

from the top-quarks, the cross section for pp ^ tiy+X 
production would be proportional to the square of the 
top-quark electric charge, which implies that the cross 
section with top-quark electric charge q, - -4e/3 
would be four times of that with top-quark electric 
charge q, - 2ejl>. Actually, both the LO and the NLO 
Feynman graphs include the diagrams with photon ra- 
diating from light-quark respectively, which makes the 
total cross sections in the exotic top-quark case less 
than three times of that in the normal top-quark case. 

In summary, the calculations for the top-pair produc- 
tion associated with a photon at the 7 TeV LHC have 
been performed with the complete NLO QCD correc- 
tions. We investigate the dependence of the LO and 
NLO QCD corrected integrated cross sections on the 
factorization/renormalization energy scale. We present 
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o-Lo(fb) 


o"/vLo(fb) 


K 


> 10 GeV, q, = 2e/3 


596.0(2) 


878(2) 


1.4732 


> 10 GeV, q, = -4e/3 


1513(1) 


2276(5) 


1.5043 


p^''' > 15 GeV, q, = 2e/3 


454.6(2) 


668(2) 


1.4694 


> 15 GeV, q, = -4e/3 


1179(1) 


1775(5) 


1.5055 



TABLE I: The LO and NLO cross sections and the cor- 
responding NLO QCD K-factor [K = o-ji,io/crio] with 
fi = m„ ^fs = 1 TeV and different values of photon 
transverse momentum cut p^j\^, and top-quark electric 
charge q,. 



predictions for the LO and NLO differential and inte- 
grated cross sections at the 7 TeV LHC in the cases of 
top-quark with = 2e/3 and -4e/3. We demonstrate 
that the uncertainty of the LO cross section caused by 
the introduced energy scale fi is significantly improved 
by including the NLO QCD corrections. We study also 
the effects of different values of photon transverse mo- 
mentum cut and top-quark charge on the ^T-factor. Our 
numerical results show that the K-factor is not very 
sensitive to both the transverse momentum cut of pho- 
ton iPj\^,) and the top-quark electric charge (q,). The 
K-factor variation is about 3%, when we change q, 



from 2e/3 to -4e/3. But the p^^l^, and q, impact the 
total integrated cross sections obviously. 
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